This paper reviews the capabilities of a plasticity-induced crack-closure model to predict fatigue lives of metallic materials using "small-crack theory" for various materials and loading 
were calculated using the crack-growth relations and microstructural features like those that initiated cracks for the aluminum alloys and steel for edge-notched specimens.
An equivalentinitial-flaw-size concept was used to calculate fatigue lives in other cases. intensity factor range, AKth, is usually obtained from load-reduction (AK-decreasing) tests. Some typical results for small cracks in plates and at notches are shown by the dashed curves. These results show that small cracks grow at AK levels below the large-crack threshold and that they also grow faster than large cracks at the same AK level above threshold. Small-crack effects have been shown to be more prevalent in tests which have compressive loads, such as negative stress ratios (Zocher [4] , Newman and Edwards [5, 6] ). Over the past decade, various studies on smallor short-crack growth behavior in metallic materials have led to the realization that fatigue life of many materials is primarily "crack growth" from microstructural features, such as inclusion particles, voids or slip-band formation. Concurrently, improved fracture-mechanics analyses of some of the crack-tip shielding mechanisms, such as plasticity-induced crack closure, and analyses 
PLASTICITY-INDUCED CRACK-CLOSURE MODEL
The crack-closure model (Newman [ 16] ) was developed for a central through crack in a finite-width specimen subjected to remote applied stress. The model was later extended to a through crack emanating from a circular hole and applied to the growth of small cracks (Newman [15] 
where Smax is the maximum stress, S'o is the crack-opening stress and F is the boundarycorrection factor. However, for high stress-intensity factors, proof testing, and low-cycle fatigue conditions, the linear-elastic analyses are inadequate and nonlinear crack-growth parameters are needed.
To account for plasticity, a portion of the Dugdale cyclic-plastic-zone length (co) has been added to the crack length, c. The cyclic-plastic-zone-corrected effective stress-intensity
where d = c + t0/4 and F is the cyclic-plastic-zone corrected boundary-correction factor. Herein, the cyclic-plastic-zone corrected effective stress-intensity factor range will be used in the fatiguelife predictions unless otherwise noted.
Constant-Amplitude Loading
As a crack grows in a fmite-thickness body under cyclic loading (constant stress range), the In the following, the/kKeff -rate relation for two aluminum alloys and a steel will be presented and discussed.
A detailed description will be given for one material but similar procedures were used to establish the relationships for all materials used in this study.
Aluminum Alloy 2024-T3
The large-crack results for 2024-T3 aluminum alloy are shown in Figure 3 for data generated by Hudson [24] , Phillips [25] and Dubensky [26] . This figure shows the elastic/kKeff (eqn. 1)
plotted against crack-growth rate. The data collapsed into a narrow band with several transitions in slope occurring at about the same rate for all stress ratios. Some large differences were observed at high R-ratios in the high-rate regime. These tests were conducted at extremely high remote stress levels (0.75 and 0.95 of the yield stress). Even elastic-plastic analyses, such as equation (2), were unable to collapse the data along a unique curve in this regime. terms of rate or ZkKeff, is a function of thickness but this relationship has yet to be developed. In the low crack-growth rate regime, near and at threshold, tests and analyses [14, 15] have indicated that the threshold develops because of a rise in the crack-opening-stress-to-ma_fimum-stress ratio due to the lo_l-shedding procedure.
In the threshold regime then, the actual M_ff-rate dam would lie at lower values of LkKeff because the rise in crack-opening stress was not accounted for in the current analysis. For the present study, an estimate was made for this behavior on the basis of sn_ll-erack data [5] and it is shown by the solid line below rates of_out 2E-09 m/cycle. The bsLseline relation shown by the solid line (see Table 1 ) will be used later to predict fatigue lives under const_nt-_unplitude and spectrum loading. Table 1) wig be used later to predict small-crack growth rates and fatigue lives under constant-amplitude and spectrum loading.
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Steel 4340
The large-crack results for the 4340 steel are shown in Figure 5 for data generated at two different laboratories and at four stress ratios (see Swain et al. [29] ). For these calculations, a constraint factor ct of 2.5 was used for rates less than 5E-07 m/cycle and a equal to 1.2 for rates greater than 2.5E-05 m/cycle. Again, the values of a and rate were selected by trial-and-error.
For this material and thickness, the constraint-loss regime occurs near (AKeff)T = 52 MPa_/rn, which corresponds closely to the sharp change in growth rates at about IE-06 m/cycle. The data collapsed into a fairly tight band, in the mid-rate regime, but some differences were observed in the near threshold regime. For the high-strength steel, small-and large-crack data tended to agree in the near threshold regime (see Ref. 29) . The baseline relation shown by the solid line (see Table 1 ) will be used later to predict fatigue lives under constant-amplitude and spectrum loading. I  I IIIIIII  I  I litllll  I  I Illilil  I  I Illlld  I  I lllttll   le+3  le+4  le+5  le+6  le+7  le+8 Nf, cycles Landersand Hardrath [39] determined the fatigue lives of 2024-T3 aluminum alloy specimens with a central hole (Fig. 2b) . The results for specimens with a hole radius of 1.6 mm are shown in Figure 8 . Predicted results, as shown by the curves, were made using an initial semi-circular crack size (6 _m) that had an equal area to the average inclusion-particle sizes that initiated cracks [5] . Results from the elastic-plastic analyses (eqn. 2) agreed fairly well with the test data, but the elastic analyses (eqn. 1) over-predicted fatigue lives at the high stress levels.
The elastic-plastic analyses tended to underpredict lives for R = 0 and slightly over-predict lives for R = -1. The influence of stress ratio on fatigue limits was predicted quite well using a value of Comparisons of experimental and predicted fatigue lives for 2024-T3 single-edge-notch tension (SENT) specimens (Fig. 2c) load sequences are shown in Figure 9 . The specimens were cycled until a crack had grown across the full thickness, that is 2af = B. The predictions were made using the same initial crack size used for the previous constant-amplitude predictions (6 _m). The predicted lives, again, agreed well with the test data. For these conditions, the elastic and elastic-plastic analyses showed very little difference. 
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The resultsof fatigue tests conducted on 7075-T6 specimens [39] with a hole radius of 0.8 mm are shown in Figure 11 (symbols) .
Predicted results were, again, made using an initial semicircular crack size (6 _m) that had an area equal to the average inclusion-particle sizes that had initiated cracks [27, 28] .
Results from the elastic-plastic analyses (eqn. 2) agreed fairly well with the test data. Again, the analyses tended to underpredict for R = 0 and slightly over-predict for g = -1, similar to the trends observed for the 2024-T3 specimens (Fig. 8) . The reason for these discrepancies is unknown but it may be related to assuming a mathematical surface crack on the first cycle instead of a crack initiating from an inclusion-particle cluster or void (see Bowles and Schijve [40] ). The fatigue limits were predicted quite well using a value of (AKeff)th of 0.75
MPa_/m with the 6-_m initial crack. Experimental and predicted results for fatigue tests conducted on 7075-T6 specimens under the Mini-TWIST wing spectrum are shown in Figure 12 . These tests were conducted on SENT specimens [27, 28] that were cycled to failure. The predictions were made using an initial semicircular defect size that was close to the average inclusion-particle sizes where cracks initiated.
The predicted lives were in good agreement with the test results. [23] Edwards, P. R. and Darts, J., "Standardised Fatigue Loading Sequences for Helicopter
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